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© MR imaging apparatus. 

© An MR imaging apparatus using NMR phenom- 
enon includes a main magnet, a first to a third 
gradient field coils, a RF coil, a RF emitter, a slice- 
selecting gradient field pulse generator, a reading 
gradient field pulse generator, a phase-encoding gra- 
dient field pulse generator and a data processor. The 
phase-encoding gradient field pulse generator ef- 
fects phase-encoding, such that phase-encoding gra- 
dient field pulses have varied strengths to vary in- 
tegrated phase encode amounts of spin echo signals 



from a positive (or negative) value through zero to a 
negative (or positive) value according to an order of 
generation; to vary. »n a reversed direction, inte- 
grated phase encode amounts of each group of 
gradient echo signals having the same place in an 
order of generation thereof within respective pulse 
intervals; and to give the integrated phase encode 
amounts of each group of gradient echo signals 
greater absolute values than the integrated phase 
encode amounts of the spin echo signals. 
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BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

This invention relates to MR imaging apparatus 
using NMR (nuclear magnetic resonance), and 
more particularly to an MR imaging apparatus for 
effecting high-speed imaging based on GRASE 
(gradient and spin echo) technique. 

(2) Description of the Related Art 

Various MR imaging apparatus capable of 
high-speed imaging have been conceived here- 
tofore. For example, an MR Imaging apparatus is 
known which effects a pulse sequence for high- 
speed imaging called GRASE technique (U.S. Pat- 
ent No. 5,270,954, and K. Oshio and D. A. Feiberg 
"GRASE (Gradient and Spin Echo Imaging: A Nov- 
el Fast MRI Technique", Magnetic Resonance in 
Medicine 20, 344-349, 1991). The pulse sequence 
based on the GRASE technique is one combining 
the EPI (Echo Planar Imaging) technique, a type of 
high-speed imaging technique which generates 
gradient echo signals by switching the polarity of a 
gradient magnetic field, and the RARE (Rapid Ac- 
quisition with Relaxation Enhancement) which gen- 
erates spin echo signals by using an excitation RF 
(Radio Frequency) pulse and refocus RF pulses. 

The pulse sequence based on the GRASE 
technique in conventional practice will be described 
with reference to Figs. 1A through 1E. 

In this sequence, as shown in Fig. 1A, one 
excitation RF pulse 100 (also called 90 s pulse 
since it rotates the spin phase of protons 90*) is 
applied, which is followed by a plurality of (three in 
this example) refocus RF pulses 101-103 (also 
called 180° pulses since they rotate the spin 
phase of protons 180*). Simultaneously with these 
RF pulses, as shown in Fig. 1B, pulses 1 10-113 are 
applied to form slice-selecting gradient fields Gs. 
Then, as shown in Fig. 1C, a pulse 120 is applied 
to form a dephasing gradient field Gr for disar- 
raying the protons, which is followed by pulses 
121-123 applied between the above RF pulses to 
form reading and frequency-encoding gradient 
fields Gr. 

Further, as shown in Fig. 1C, each of these Gr 
pulses 121-123 is switched a plurality of times (four 
times in this example) between one 180* pulse 
and the next 180* pulse (101 and 102 or 102 and 
103). This generates spin echo signals S3(SE1), 
S8(SE2) and S13(SE3) [at points of time corre- 
sponding to an interval between 90 0 pulse 1 00 and 
180 w pulse 101 multiplied by even numbers], as 
well as gradient echo signals S1(SE1), S2(GE2), 
S4(GE3), S5(GE4), S6(GE5). S7(GE6), S9(GE7), 
S10(GE8), S11(GE9), S12(GE10), S14(GE11) and 



S15(GE12). 

As shown in Fig. 1D, pulses of phase-encoding 
gradient fields Gp are applied immediately before 
generation of the respective echo signals S1-S15. 
5 These Gp pulses are applied in amounts corre- 
sponding to phase encode amounts for causing 
data acquired from the echo signals S1-S15 to be 
arranged in a K space (also called a raw data 
space) as shown in Fig. 2A. 
10 Specifically, the data acquired from spin echo 
signals SE1-SE3 are arranged in a middle region 
(low frequency region) II of the K space. The data 
acquired from gradient echo signals GE1, GE5, 
GE9, GE2, GE6 and GE10, and those acquired 
75 from gradient echo signals GE3, GE7, GE11, GE4, 
GE8 and GE12, are arranged in peripheral regions 
(high frequency regions) I and III of the K space, 
respectively. In each of the regions I, II and III, the 
data are arranged from top to bottom in the order 

20 of echo signal generation, i.e. from the positive 
high frequency region through the low frequency 
region to the negative high frequency region. The 
pulses of phase-encoding gradient fields Gp are 
applied in the amounts to realize the above ar- 

25 rangement. 

To provide such phase encode amounts, as 
shown in Figs. 1 D and 2B, the pulse applied in the 
greatest amount is pulse 131a of phase encoding 
gradient field Gp which is applied immediately after 

30 the first 180* pulse 101 and immediately before 
the first gradient echo signal S1(GE1). As a result, 
the data acquired from the gradient echo signal S1- 
(GE1) is placed in the uppermost position (positive 
region) in the K space. The pulses 131b-131e of 

35 phase-encoding gradient fields Gp immediately 
preceding the echo signals S2(GE2), S3(SE1), S4- 
(GE3) and S5(GE4), respectively, have an opposite 
polarity to the gradient field pulse 131a. The pulses 
131b-131e all have the same amplitude which is 

40 smaller than that of the gradient field pulse 131a. 
Consequently, the data acquired from echo signals 
S2, S3, S4 and S5 are equidistantly arranged in the 
K space downward from the position of the data 
acquired from signal S1 (see Fig. 2B). 

45 The phase-encoding gradient field pulse 131f 

applied subsequently serves the rewinding pur- 
pose, i.e. for zero resetting phase encode amounts 
added up prior to application of the next 180* 
pulse 102. The phase-encoding gradient field pulse 

so 132a applied after the second 180° pulse 102 has 
a slightly smaller amplitude than the gradient field 
pulse 131a. Consequently, the echo signal S6(GE5) 
has a phase encode amount to be disposed in the 
K space immediately below the data acquired from 

55 echo signal S1(GE1). The gradient field pulses 
132b-132e immediately preceding the echo signals 
S7-S10, respectively, have the same amplitude and 
polarity as the above gradient field pulses 131b- 
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131e. Consequently, the data acquired from echo 
signals S7(GE6), S8(SE2), S9(GE7) and S10(GE8) 
are arrang d in the K spac downward from the 
position of th data acquired from signal S6, at 

* intervals corresponding to the intervals at which the 
data from echo signals S1, S2, S3, S4 and S5 are 
arranged. Thus, the data from echo signals S7, S8, 

• S9 and S10 are arranged in the K space imme- 
diately below the data from signals S2, S3, S4 and 
S5, respectively. Subsequently, a rewinding gra- 
dient field pulse 132f is applied. 

The phase-encoding gradient field pulse 133a 
applied after the third 180* pulse 103 has a still 
slightly smaller amplitude than the gradient field 
pulse 132a. The gradient field pulses 133b-133e 
have the same amplitude and polarity as the gra- 
dient field pulses 131b-131e (and gradient field 
pulses 132b-132e). Consequently, the data ac- 
quired from echo signals S11(GE9), S12(GE10), 
S13(SE3), S14(GE11) and S15(GE12) are arranged 
in the K space immediately below the data from 
signals S6, S7, S8, S9 and S10, respectively. 

As described above, phase encode amounts 
are set so that data acquired from the spin echo 
signals free from phase errors due to non-uniform- 
ity of the static magnetic field and due to chemical 
shifts are arranged in the middle region II of the K 
space (the middle region II being a low frequency 
region having a substantial influence on the con- 
trast of an image reconstructed by a Fourier trans- 
form of the K space). This provides the advantage 
that a blur is unlikely to occur to the reconstructed 
image, which is one type of artifacts caused by 
discontinuous phase encode amounts in the K 
space due to phase errors. Further, in the above 
sequence, the echo signals having the same place 
in the order of generation within the respective 
periods between the 180* pulses are grouped to- 
gether (as SGE1, SGE2, SSE, SGE3 and SGE4 in 
Fig. 2A). This arrangement eliminates the phase 
errors at the boundaries between the echo signals 
grouped together (though the phase errors remain 
at the boundaries between the echo signal groups) 
to diminish the chance of a blur occurring to the 
image. 

In the conventional pulse sequence described 
above, however, a striking difference AS in signal 
strength occurs at the boundaries between the 
groups (between SGE1 and SGE2, between SGE2 
and SSE, between SSE and SGE3, and between 
SGE3 and SGE4) of data acquired from the 
grouped echo signals. That is, the echo signals S1- 
S15 have strengths as shown in Fig. 2C. This is 
due to the fact that, as shown in Fig. 1E, the echo 
signals S1-S2 gradually attenuate with time con- 
stant T2 and time constant T2* aft r the first 90 • 
pulse 100 (in which time constant T2 represents a 
transverse relaxation time (also called spin-spin 



relaxation time) occurring with the spin echo sig- 
nals, and time constant T2* represents a transverse 
relaxation time occurring with th gradient echo 
signals and involving a faster attenuation due to 

5 non-uniformity of the static magnetic field than time 
constant T2). Thus, echo signals S1-S15 have 
strengths diminishing in the order of generation 
thereof. The data acquired from echo signals S1- 
S15 are arranged in the K space as shown in Fig. 

w 2A. As seen in the phase encoding direction (verti- 
cal direction) of the K space, the signal strength 
changes sharply at the boundary between the data 
of signal S11 and the data of signal S2 (i.e. the 
boundary between SGE1 and SGE2), the boundary 

75 between the data of signal S12 and the data of 
signal S3 (i.e. the boundary between SGE2 and 
SSE), the boundary between the data of signal S13 
and the data of signal S4 (i.e. the boundary be- 
tween SSE and SGE3), and the boundary between 

20 the data of signal S14 and the data of signal S5 
(i.e. the boundary between SGE3 and SGE4). This 
results in a disadvantage that, when an image is 
reconstructed by a Fourier transform of the data 
arranged in the K space as above, artifacts will blur 

25 the reconstructed image. 

SUMMARY OF THE INVENTION 

The object of this invention is to provide an MR 

30 imaging apparatus which acquires data from echo 
signals and diminishes differences in signal 
strength between those data arranged adjacent 
each other in the, K space, thereby to suppress 
image blurring artifacts effectively. 

35 The above object is fulfilled, according to this 

invention, by an MR imaging apparatus using NMR 
phenomenon, comprising: 

a main magnet for generating a uniform static 
magnetic field in an imaging space; 

40 a first, a second and a third gradient field coils 

for generating three types of gradient field pulses 
(i.e. slice-selecting gradient field pulses, reading 
gradient field pulses and phase-encoding gradient 
field pulses) with magnetic strengths varying in 

45 three orthogonal directions in the imaging space; 

a RF coil for emitting an excitation RF pulse 
and a plurality of refocus RF pulses and detecting 
echo signals; 

a RF emitter for successively emitting the ex- 

50 citation RF pulse and the refocus RF pulses with 
predetermined timing through the RF coil; 

a slice-selecting gradient field pulse generator 
for generating the slice-selecting gradient field 
pulses through the first gradient field coil for select- 

55 ing slice planes, in timed relationship with the ex- 
citation RF pulse and the refocus RF pulses; 

a reading gradient field pulse generator for 
g nerating, during each of periods betw en the 
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refocus RF pulses, a plurality of gradient echo 
signals distributed across one of spin echo signals 
by switching polarity a plurality of times, and for 
generating the reading gradient field pulses 
through the second gradient field coil in timed 
relationship with the spin echo signals and the 
gradient echo signals; 

a phase-encoding gradient field pulse gener- 
ator for generating the phase-encoding gradient 
field pulses through the third gradient field coil 
immediately before generation of the echo signals, 
the phase-encoding gradient field pulses satisfying 
the following conditions: 

(a) that the phase-encoding gradient field pulses 
have varied strengths to vary integrated phase 
encode amounts of the echo signals from a 
positive (or negative) value through zero to a 
negative (or positive) value according to an or- 
der of generation of the spin echo signals; and 

(b) that the phase-encoding gradient field pulses 
have varied strengths to vary an integrated 
phase encode amount of each group of those of 
the gradient echo signals having the same place 
in an order of generation thereof within the re- 
spective periods, in a direction reverse to a 
direction in which integrated phase encode 
amounts of the spin echo signals vary, and to 
give the integrated phase encode amounts of 
each group of the gradient echo signals greater 
absolute values than the integrated phase en- 
code amounts of the spin echo signals; and 

a data processor for collecting data from the 
echo signals detected by the RF coil, and re- 
constructing a sectional image by arranging the 
data in a K space according to an integrated phase 
encode amount of each of the echo signal. 

The main magnet forms a static magnetic field 
in an imaging space, and then the first gradient 
field coil applies a slice-selecting gradient field 
pulse to the imaging space to select a slice. Then, 
the RF emitter successively emits one excitation 
RF pulse and a plurality of refocus RF pulses 
successively. Spin echo signals free from phase 
errors due to non-uniformity of the static magnetic 
field formed by the main magnet or due to chemi- 
cal shifts are generated during a period between 
the excitation RF pulse and the first refocus RF 
pulse and during periods corresponding to the 
above period multiplied by even numbers. Further, 
during each of the periods between the refocus RF 
pulses, the reading gradient field pulse generator 
switches the polarity of reading gradient field 
pulses a plurality of times through the second 
gradient field coil, to generate a plurality of gra- 
dient echo signals distributed across one of the 
spin echo signals. 

Thus, each period between the refocus RF 
pulses includes a plurality of gradient echo signals 



distributed across on spin echo signal. These 
echo signals have signal strengths decreasing suc- 
cessively and substantially with time constants of 
transverse relaxation time. 
5 The echo signals generated successively are 

subjected to phase encoding by the phase-encod- 
ing gradient field pulse generator generating 
phase-encoding gradient field pulses through the 
third gradient field coil, as follows. First, the am- 
70 plitude of the phase-encoding gradient field pulses 
is varied to vary integrated phase encode amounts 
of the spin echo signals from a positive (or nega- 
tive) value through zero to a negative (or positive) 
value according to an order of generation. In this 
75 way, the spin echo signals have integrated phase 
encode amounts successively decreasing (or in- 
creasing) in the order of generation. The data ac- 
quired from the spin echo signals are arranged in a 
positive direction of the K space in the order of 
20 signal generation (or in the opposite order thereto). 
Consequently, the K space has the spin echo sig- 
nal data arranged therein, with signal strengths of 
the data decreasing (or increasing when arranged 
in the opposite order to the order of generation) in 
25 the positive direction of the K space. Since the 
integrated phase encode amounts are adjacent 
zero, the data acquired from the spin echo signals 
are arranged in a middle region of the K space 
which exerts a substantial influence on the contrast 
30 of a reconstructed image. 

Next, the gradient echo signals are subjected 
to phase encoding as follows. 

The strength of the phase-encoding gradient 
field pulses is varied to vary integrated phase en- 
35 code amounts of each group of gradient echo 
signals having the same place in an order of gen- 
eration thereof within the respective periods be- 
tween the refocus RF pulses, in an opposite direc- 
tion to the direction in which the integrated phase 
40 encode amounts of the spin echo signals vary, and 
to give the integrated phase encode amounts of 
each group of gradient echo signals greater ab- 
solute values than the integrated phase encode 
amounts of the spin echo signals. Thus, phase 
45 encoding is effected in which the integrated phase 
encode amounts of each group of gradient echo 
signals vary in the opposite direction to the direc- 
tion in which the integrated phase encode amounts 
of the spin echo signals vary. As a result, the data 
so acquired from the gradient echo signals are ar- 
ranged in a signal strength increasing order in the 
K space where the data from the spin echo signals 
are arranged in the signal strength decreasing or- 
der, and in a signal strength decreasing order 
55 where the data from the spin echo signals are 
arranged in the signal strength incr asing order. 
Further, the integrated phase encode amounts of 
each group of gradient cho signals are given 
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greater absolute values than th integrated phase 
encode amounts of the spin echo signals. As a 
result, the data acquir d from the gradient echo 
signals are arranged in the K space peripherally of 
the data from the spin echo signals. At boundaries 
in the K space between the group of data acquired 
from the spin echo signals (with increasing (or 
decreasing) signal strengths) and adjacent groups 
of data acquired from the gradient echo signals 
(with decreasing (or increasing) signal strengths), a 
diminished difference in signal strength occurs be- 
cause the signal strength tending to increase and 
that tending to decrease (or the signal strength 
tending to decrease and that tending to increase) 
meet at these boundaries. 

The echo signals phase-encoded as above are 
detected by the RF coil, and arranged in the K 
space according to the respective integrated phase 
encode amounts by the data processor. Then, an 
image is reconstructed by a two-dimensional 
Fourier transform. Image blurring artifacts are sup- 
pressed in the reconstructed image since a dif- 
ference in signal strength is diminished (smoothed) 
at the boundaries between the group of data ar- 
ranged in the middle region of the K space (i.e. the 
group of data acquired from the spin echo signals) 
and the data arranged peripherally thereof (the 
groups of data acquired from the gradient echo 
signals). 

It is preferred that, in the apparatus according 
to this invention, the RF emitter is operable to 
control emission timing of an "n"th refocus RF 
pulse fn" being a positive integer) to establish; 

{2(n-1) + 1}r 

where emission of the excitation RF pulse is 
regarded as time origin, and r is a point of time at 
which a first one of the refocus RF pulses is 
emitted. 

Where the refocus RF pulses are emitted with 
the above timing, the periods of time to generation 
of the respective spin echo signals correspond to 
the period of time to generation of the first echo 
signal multiplied by integers. Thus, spurious echo 
signals due to imperfection of the refocus RF 
pulses are generated at the same points of time as 
the proper spin echo signals to suppress phase 
shift. In this way, the spurious echo signals may 
also be used as stimulated spin echo signals for 
image formation. 

Preferably, the phase-encoding gradient field 
pulse generator is operable to generate a rewinding 
pulse of reversed polarity and having a strength 
corresponding to a preceding integrated phase en- 
code amount, after a final on of th echo signals 
is gen rated within the each period. 



The rewind pulse having the same integrated 
phase encode amount and reversed polarity allows 
only a new phase encoding to be carried out after 
eliminating the influence of th phas encoding 

5 effected for a preceding pulse period. As a result, 
the phase encoding becomes continuous in the K 
space with phase shift checked, to suppress blur- 
ring artifacts in a reconstructed image. 

In another aspect of this invention, an MR 

w imaging apparatus using NMR phenomenon is pro- 
vided, which comprises: 

a main magnet for generating a uniform static 
magnetic field in an imaging space; 

a first, a second and a third gradient field coils 

75 for generating three types of gradient field pulses 
(i.e. slice-selecting gradient field pulses, reading 
gradient field pulses and phase-encoding gradient 
field pulses) with magnetic strengths varying in 
three orthogonal directions in the imaging space; 

20 a RF coil for emitting an excitation RF pulse 

and a plurality of refocus RF pulses and detecting 
echo signals; 

a RF emitter for successively emitting the ex- 
citation RF pulse and the refocus RF pulses with 

25 predetermined timing through the RF coil; 

a slice-selecting gradient field pulse generator 
for generating the slice-selecting gradient field 
pulses through the first gradient field coil for select- 
ing slice planes, in timed relationship with the ex- 

30 citation RF pulse and the refocus RF pulses; 

a reading gradient field pulse generator for 
generating, during each of periods between the 
refocus RF pulses, a plurality of gradient echo 
signals distributed across one of spin echo signals 

35 by switching polarity a plurality of times, and for 
generating the reading gradient field pulses 
through the second gradient field coil in timed 
relationship with the spin echo signals and the 
gradient echo signals; 

40 a phase-encoding gradient field pulse gener- 

ator for generating the phase-encoding gradient 
field pulses through the third gradient field coil 
immediately before generation of the echo signals, 
the phase-encoding gradient field pulses satisfying 

45 the following conditions: 

(a) that the phase-encoding gradient field pulses 
have varied strengths to vary integrated phase 
encode amounts of the echo signals from a 
positive (or negative) value through zero to a 

so negative (or positive) value according to an or- 
der of generation of the spin echo signals; and 

(b) that the phase-encoding gradient field pulses 
have varied strengths to vary integrated phase 
encode amounts of each group of thos of the 

55 gradient echo signals having the same place in 
an order of generation thereof within the p riods, 
such that integrated phase encode amounts of 
the gradi nt echo signals vary in directions al- 
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ternately reversed from a direction in which in- 
tegrated phase encode amounts of the spin 
echo signals vary, as a period of time from the 
points at which the spin echo signals are gen- 
erated prolongs from a group of the gradient 
echo signals having the shortest period, with 
absolute values becoming greater than those of 
the group of the gradient echo signals having 
the shortest period; and 
a data processor for collecting data from the 
echo signals detected by the RF coil, and re- 
constructing a sectional image by arranging the 
data in a K space according to an integrated phase 
encode amount of each of the echo signal. 

According to this apparatus, the echo signals 
generated successively are subjected to phase en- 
coding as follows. 

First, the amplitude of the phase-encoding gra- 
dient field pulses is varied to vary integrated phase 
encode amounts of the spin echo signals from a 
positive (or negative) value through zero to a nega- 
tive (or positive) value according to an order of 
generation. In this way, the spin echo signals have 
integrated phase encode amounts successively de- 
creasing (or increasing) in the order of generation. 
The data acquired from the spin echo signals are 
arranged in a positive direction of the K space in 
the order of signal generation (or in the opposite 
order thereto). Consequently, the K space has the 
spin echo signal data arranged therein, with signal 
strengths of the data decreasing (or increasing 
when arranged in the opposite order to the order of 
generation) in the positive direction of the K space. 
Since the integrated phase encode amounts are 
adjacent zero, the data acquired from the spin echo 
signals are arranged in a middle region of the K 
space which exerts a substantial influence on the 
contrast of a reconstructed image. 

Next, the gradient echo signals are subjected 
to phase encoding as follows. 

The strength of the phase-encoding gradient 
field pulses is varied to vary integrated phase en- 
code amounts of each group of gradient echo 
signals having the same place in the order of 
generation thereof within the periods between the 
refocus RF pulses, such that integrated phase en- 
code amounts of the gradient echo signals vary in 
directions alternately reversed from a direction in 
which integrated phase encode amounts of the spin 
echo signals vary. This reversal takes place as a 
period of time from the points at which the spin 
echo signals are generated prolongs from a group 
of the gradient echo signals having the shortest 
period, with absolute values becoming greater than 
those of the group of the gradient echo signals 
having the shortest period. Thus, for each group of 
gradient echo signals having the same place in the 
order of generation thereof, the integrated phase 



encode amounts of the gradi nt echo signals vary 
in directions alternately reversed from the direction 
in which integrated phase encode amounts of the 
spin echo signals vary, as a period of time from the 
5 points of time within each period between the re- 
focus RF pulses at which the spin echo signals are 
generated prolongs from a group of the gradient 
echo signals having the shortest period. As a re- 
sult, the data acquired from the gradient echo 
w signals are arranged in a signal strength increasing 
order in the K space where the data from the spin 
echo signals are arranged in the signal strength 
decreasing order, and in a signal strength decreas- 
ing order where the data from the spin echo sig- 
75 nals are arranged in the signal strength increasing 
order. Further, the integrated phase encode 
amounts have absolute values becoming greater, 
with prolonged periods, than those of the group of 
the gradient echo signals having a short period. 
20 Thus, the group of data acquired from the group of 
gradient echo signals arranged in the peripheral 
regions have a tendency reverse to the signal 
strength decreasing or increasing tendency of adja- 
cent groups of data. 
25 Consequently, at boundaries in the K space 

between the group of data acquired from the spin 
echo signals (with increasing (or decreasing) signal 
strengths) and adjacent groups of data acquired 
from the gradient echo signals (with decreasing (or 
30 increasing) signal strengths), a diminished differ- 
ence in signal strength occurs because the signal 
strength tending to increase and that tending to 
decrease (or the signal strength tending to de- 
crease and that tending to increase) meet at these 
35 boundaries. Further, groups of data acquired from 
the gradient echo signals and having increasing (or 
decreasing) signal strengths are arranged peripher- 
ally of groups of data acquired from the gradient 
echo signals and having decreasing (or increasing) 
40 signal strengths. Consequently, at boundaries be- 
tween the groups of data acquired from the gra- 
dient echo signals (with decreasing (or increasing) 
signal strengths) and peripheral groups of data 
acquired from the gradient echo signals (with in- 
45 creasing (or decreasing) signal strengths), a dimin- 
ished difference in signal strength occurs because 
the signal strength tending to decrease and that 
tending to decrease (or the signal strength tending 
to increase and that tending to decrease) meet at 
50 these boundaries. In the K space, therefore, the 
signal strength is diminished not only at the bound- 
aries between the group of data acquired from the 
spin echo signals and arranged in the middle re- 
gion and adjacent groups of data acquired from the 
55 gradient echo signals, but also at the boundaries 
between the groups of data arranged peripherally 
which are acquired from the groups of gradient 
echo signals each having the same place in the 
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order of generation. 

The echo signals phase-encoded as above are 
detected by the RF coil, and arranged in the K 
space according to the respective integrat d phase 
encode amounts by the data processor. Then, an 
image is reconstructed by a two-dimensional 
Fourier transform. Image blurring artifacts are sup- 
pressed in the reconstructed image since a dif- 
ference in signal strength is diminished (smoothed) 
at the boundaries between the group of data ar- 
ranged in the middle region of the K space (i.e. the 
group of data acquired from the spin echo signals) 
and the data arranged peripherally thereof (the 
groups of data, acquired from the gradient echo 
signals), and at the boundaries between the latter 
and the data arranged peripherally thereof (the 
groups of data acquired from the gradient echo 
signals). 

It is preferred that, in the apparatus according 
to this invention, the RF emitter is operable to 
control emission timing of an "n n th refocus RF 
pulse ("n" being a positive integer) to establish; 

{2<n-1) + 1}r 

where emission of the excitation RF pulse is 
regarded as time origin, and t is a point of time at 
which a first one of the refocus RF pulses is 
emitted. 

Preferably, the phase-encoding gradient field 
pulse generator is operable to generate a rewinding 
pulse of reversed polarity and having a strength 
corresponding to a preceding integrated phase en- 
code amount, after a final one of the echo signals 
is generated within the each period. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, 
there are shown in the drawings several forms 
which are presently preferred, it being understood, 
however, that the invention is not limited to the 
precise arrangements and instrumentalities shown. 
Figs. 1A through 1E are a time chart showing a 
pulse sequence according to the prior art; 
Figs. 2A through 2C are a schematic view show- 
ing a K space and signal strengths according to 
the prior art; 

Fig. 3 is a block diagram of an MR imaging 
apparatus according to this invention; 
Figs. 4A through 4E are a time chart showing a 
pulse sequence in a first embodiment of this 
inv ntion; 

Figs. 5A through 5C are a sch matic view show- 
ing a K spac and signal strengths in the first 
embodiment; 

Fig. 6 is a schematic view showing integrated 
phase encode amounts in the first mbodiment; 



Figs. 7A through 7E are a time chart showing a 
pulse sequence in a s cond mbodiment of this 
invention; 

Figs. 8A through 8C are a schematic view show- 
5 ing a K space and signal strengths in the sec- 
ond embodiment; and 

Fig. 9 is a schematic view showing integrated 
phase encode amounts in the second embodi- 
ment. 

10 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Preferred embodiments of this invention will be 
is described in detail hereinafter with reference to the 
drawings. 

First Embodiment 

20 The MR imaging apparatus shown in Fig. 3 will 

be described first. The apparatus includes a main 
magnet 1 for forming a static magnetic field, and 
three gradient field coils 2 (i.e. 2x, 2y and 2z) for 
super-imposing gradient magnetic fields on the 

25 static magnetic field. The three gradient field coils 
2x, 2y and 2z superimpose, on the uniform static 
field formed by the main magnet 1 , pulses for three 
gradient fields Gs, Gp and Gr (i.e. a slice-selecting 
gradient field pulse, a phase-encoding gradient 

30 field pulse, and a reading gradient field pulse) each 
having a field strength varying in three orthogonal 
directions (X, Y and Z). An examinee (patient), not 
shown, is placed in a space where the static and 
gradient fields are formed, with a RF coil 

35 (radiofrequency coil) 3 attached to the examinee. 

Gradient field power sources 4 are connected 
to the gradient field coils 2 to supply power for 
generating the gradient fields Gx, Gy and Gz. The 
gradient field power sources 4 receive waveform 

40 signals from a waveform generator 5 to control 
waveforms of the gradient fields Gx, Gy and Gz. 
The RF coil 3 receives a RF signal from a RF 
power amplifier 6 to irradiate the examinee with the 
RF signal. This RF signal results from an amplitude 

45 modulation effected by a modulator 8, according to 
a waveform received from the waveform generator 
5, on a RF signal of a predetermined carrier fre- 
quency generated by a RF signal generator 7. 
The RF coil 3 receives NMR signals generated 

so in the examinee, and transmits these signals 
through a preamplifier 9 to a phase detector 10. 
The phase detector 10 detects phases of the sig- 
nals received, using the RF signal from the RF 
signal gen rator 7 as a reference, frequency. Re- 

55 suits of the d tection are outputted to an analog-to- 
digital (A/D) converter 11. The A/D converter 11 
also receives sampling pulses from a sampling 
pulse g nerator 12 for use in converting the d tec- 
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tion results into digital data. The digital data are 
given to a host computer 20. 

The host computer 20 processes the data to 
reconstruct an image, and determines timing of an 
overall sequence through a sequencer 23. That is, 
the sequencer 23, under the control of the host 
computer 20, transmits timing signals to the 
waveform generator 5, RF signal generator 7 and 
sampling pulse generator 12 to determine timing of 
waveform signal output from the waveform gener- 
ator 5, timing of RF signal generation by the RF 
signal generator 7, and timing of sampling pulse 
generation by the sampling pulse generator 12. 
Further, the host computer 20 transmits waveform 
information to the waveform generator 5 to control 
the waveform, strength and the like of the pulses 
for the gradient fields Gx, Gy and Gz, and to 
determine an envelope of the RF signal emitted 
from the RF coil 3 to the examinee. The host 
computer 51 also transmits a signal to the RF 
signal generator 7 to control the carrier frequency 
of the RF signal. Thus, the host computer 20 
controls the overall pulse sequence based on the 
GRASE method. 

The above MR imaging apparatus, under con- 
trol of the computer 20 and sequencer 23, ex- 
ecutes a pulse sequence as shown in Figs. 4A-4E. 
The pulse sequence shown in Figs. 4A-4E is based 
essentially on the GRASE method with a partial 
improvement. 

First, one 90° pulse (excitation RF pulse) 100 
is applied through the RF coil 3, and simulta- 
neously a pulse 110 is applied through the gradient 
field coil 2x to form a slice-selecting gradient field 
Gs. Then, a 180* pulse (refocus RF pulse) 101 is 
applied upon lapse of time t from application of the 
90° pulse 110, and a 180* pulse (refocus RF 
pulse) 102 upon lapse of time 2t from the 180* 
pulse 101. In this way, 180* pulses 101, 102 and 
103 are applied successively along with slice-se- 
lecting gradient field pulses 111,112 and 113. 

In this case, a first spin echo signal S3(SE1) is 
generated around a point of time delayed from the 
180* pulse 101 by a period of time corresponding 
to the period of time r between the 90* pulse 100 
and 180° pulse 101. Here, the time taken from the 
90* pulse 100 to the echo center of spin echo 
signal S3(SE1) (echo delay time 2t) is regarded as 
time t1 . 

Assuming that the echo delay time from the 
90° pulse 100 to the echo center is t1 as noted 
above, the first 180° pulse 101 is set to t = (1/2)t1 
= t, where the 90° pulse 100 is regarded as time 
origin (t = 0). Thus, emission time of an n n"th 180* 
pulse ("n" being a positive int ger) is set to {2(n- 
1) + 1}t. That is, by setting emission times of 180* 
pulses 101, 102 and 103 to t = t, t = (3/2)t1 - 3t, 
and t = (5/2)t1 = 5r, respectively, spin echo 



signals S3(SE1), S8(SE2) and S13(SE3) are gen- 
erated at points of time t1 , t2 and t3, respectively. 
Thus, the periods of time t2 and t3 from the 90° 
pulse 100 to generation of the second and subse- 
5 quent spin echo signals S8(SE2) and S13(SE3) 
correspond to the period of time t1 from the 90' 
pulse 100 to generation of the first spin echo signal 
multiplied by integers, i.e. t2 = 2t1 and t3 = 3t1. 
By controlling emission timing of the 180° 
10 pulses as above, spurious spin echo signals due to 
imperfection of the 180° pulses are generated at 
the same points of time as the proper spin echo 
signals to suppress phase shift. In this way, the 
spurious spin echo signals may also be used as 
75 stimulated spin echo signals for image formation. 

A dephasing gradient pulse 120 (for disarraying 
the spin phase of protons) is applied through the 
gradient field coil 2z before the first 180° pulse 
101. Subsequently, during the period between 

20 180* pulses 101 and 102, the polarity of the 
pulses for forming gradient fields Gr is switched 
four times (121a to 121b, 121b to 121c, 121c to 
121d and 121d to 121e), for example, to generate 
echo signals S1-S5 during this period. Similarly, 

25 the polarity of the pulses for forming gradient fields 
Gr is switched during the period between the sec- 
ond 180' pulse 102 and third 180* pulse 103 and 
after the third 180° pulse 103, each to generate 
five echo signals S6-S10 or S11-S15. The middle 

30 echo signals S3, S8 and S13 among these echo 
signals S1-S15 are spin echo signals SE1-SE3 free 
from phase errors due to non-uniformity of the 
static magnetic field formed by the main magnet 1 
or due to chemical shifts. The other echo signals 

35 are gradient echo signals GE1-GE12. As shown in 
Fig. 4E, the echo signals S1-S15 have strengths 
diminishing in the order of generation thereof. The 
time constants for this attenuation are transverse 
relaxation times T2 and T2\ Specifically, the spin 

40 echo signals SE1-SE3 unaffected by the non-uni- 
formity of the static magnetic field attenuate with 
the transverse relaxation time T2 (also called spin- 
spin relaxation time since an energy exchange 
takes place between the spins), while the gradient 

45 echo signals GE1-GE12 influenced by the non- 
uniformity of the static magnetic field attenuate with 
the transverse relaxation time T2* involving a faster 
attenuation due to the non-uniformity of the static 
magnetic field than time constant T2. 

so The phase-encoding gradient field pulses Gp 

are applied through the gradient field coil 2y to 
provide the respective echo signals S1-S15 with 
different integrated phase encode amounts. 

Gp pulse 201a applied after the first 180° 

55 pulse 101 and before the echo signal S1 has 
positive polarity and the greatest amplitude. Con- 
sequently, as shown in Fig. 5A, the data acquired 
from the gradient echo signal S1(GE1) is placed in 
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the uppermost (positive region) position in the verti- 
cal direction (phase-encoding direction) in a K 
space (see Rg. 5B). Gp pulse 201b applied before 
generation of the next echo signal S2 has negative 
» polarity but has an amplitude to provide a positive 

integrated amount in combination with the Gp pulse 
201a already applied. Consequently, the data ac- 
quired from the gradient echo signal S2(GE2) is 
placed in a position in the K space downwardly 
spaced from the gradient echo signal S1(GE1). Gp 
pulse 201c applied before generation of the next 
echo signal S3 has the greatest amplitude of nega- 
tive polarity which provides a slightly negative in- 
tegrated amount in combination with the phase- 
encoding amounts already applied. Consequently, 
the data acquired from the spin echo signal S3- 
(SE1) is placed in a negative position in the K 
space downwardly remote from the data of, gra- 
dient echo signal S2(GE2). Gp pulse 201 d applied 
before generation of the next echo signal S4 has 
negative polarity and provides an integrated 
amount in combination with the phase encode 
amounts already applied, which is slightly smaller 
than the integrated amount at the point of time of 
the spin echo signal S3(SE1). Consequently, the 
data acquired from the gradient echo signal S4- 
(GE3) is placed in the K space immediately below 
the data of spin echo signal S3(SE1). Gp pulse 
201 e applied before generation of the next echo 
signal S5 has negative polarity and the same am- 
plitude as the Gp pulse 201b applied to the gra- 
dient echo signal S2(GE2). Consequently, the data 
acquired from the gradient echo signal SS(GE4) is 
placed in the K space downwardly spaced from the 
gradient echo signal S4(GE3). Then, the next 180* 
pulse 102 is preceded by Gp pulse 201 f of re- 
versed polarity and having an amplitude corre- 
sponding to an integrated amount of the phase- 
encoding gradient field pulses Gp applied so far. 
Thus, the phase encoding effected up to this point 
is initialized to zero. This Gp pulse 201 f is called a 
rewind pulse which eliminates influences of the 
phase encoding already effected, to assure accu- 
racy of subsequent phase encoding. This sup- 
presses phase shifts to provide continuous phase- 
encoding data in the K space, thereby to avoid 
blurring artifacts appearing in a reconstructed im- 
age. 

Gp pulse 202a applied after the second 180° 
pulse 102 and before the echo signal S6 has 
positive polarity and a slightly smaller amplitude 
than Gp pulse 201a applied to the gradient echo 
signal S1(GE1). Consequently, the data acquir d 
from the gradi nt echo signal S6(GE5) is placed in 
a position in the K spac immediately b low the 
gradi nt echo signal S1(GE1). Gp puis 202b ap- 
plied before generation of the next echo signal S7 
has negative polarity and the same amplitude as 



Gp pulse 201b already applied. This amplitude 
provides a positive integrated amount in combina- 
tion with Gp pulse 202a already applied. With the 
same amplitude as Gp pulse 201b, the gradient 
5 echo signal S7(GE6) is placed in a position in the K 
space downwardly spaced from the gradient echo 
signal S6(GE5) by an amount corresponding to the 
vertical spacing between the gradient echo signals 
S1(GE1) and S2(GE2). Similarly, the gradient echo 

io signals S8-S10 have, applied thereto, Gp pulses 
202c, 202d and 202e which have the same am- 
plitude as Gp pulse 201b already applied, i.e. the 
same amplitude as Gp pulse 202b applied to the 
gradient echo signal S7(GE6). The resulting data 

75 are arranged in the K space to have the same 
spacing as the gradient echo signals S6(GE5) and 
S7(GE6), respectively. Then, a rewind pulse 202f is 
applied as before. 

Gp pulse 203a is applied after the third 180* 

20 pulse 103 and before the echo signal S11, which 
has positive polarity and a slightly smaller am- 
plitude than Gp pulse 202a applied to the gradient 
echo signal S6(GE5). Consequently, the data ac- 
quired from the gradient echo signal S11(GE9) is 

25 placed in a position in the K space immediately 
below the gradient echo signal S6(GE5). Gp pulse 
203b applied before generation of the next echo 
signal S12 has the same amplitude as Gp pulse 
201b already applied. The data acquired from the 

30 gradient echo signal S12(GE10) is placed in a 
position in the K space downwardly spaced from 
the gradient echo signal S11(GE9) by an amount 
corresponding to the spacing between the gradient 
echo signals S1(GE1) and S2(GE2). That is to say 

35 immediately below the gradient echo signal S7- 
(GE6). Gp pulse 203c applied before generation of 
the next echo signal S1 3 has negative polarity and 
the same amplitude as the Gp pulse 201 d already 
applied. Consequently, the data acquired from the 

40 spin echo signal S13(SE3) is placed in a position in 
the K space downwardly spaced from the gradient 
echo signal S12(GE10) by an amount correspond- 
ing to the spacing between the spin echo signal 
S3(SE1) and gradient echo signal S4(GE3). That is 

45 to say immediately below the gradient echo signal 
S12(GE10). Gp pulse 203d applied before genera- 
tion of the next echo signal S14 has negative 
polarity and the same amplitude as the Gp pulse 
201c already applied. Consequently, the data ac- 

50 quired from the gradient echo signal S14(GE11) is 
placed in a position in the K space downwardly 
spaced from the spin echo signal S13(SE3) by an 
amount corresponding to the spacing b tween the 
gradi nt cho signal S2(GE2) and spin cho signal 

55 S3(SE1). That is to say immediately below the 
gradient cho signal S9(GE7). Gp pulse 203 ap- 
plied befor generation of the next echo signal $15 
has the same amplitude as the Gp pulse 203b 
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already appli d. Cons quently, the data acquired 
from the gradient echo signal S15(GE12) is placed 
in the lowermost position in the K space which is 
downwardly spaced from the gradient echo signal 
S14(GE11) by an amount corresponding to the 5 
spacing between the gradient echo signals S11- 
(GE9) and S12(GE10). That is to say immediately 
below the gradient echo signal S10(GE8). Then, a 
rewind pulse 203f is applied as before. 

Fig. 6 schematically shows the integrated io 
phase encode amounts provided as above. In this 
figure, the integrated amount for each Gp pulse is 
shown with an apostrophe (') attached to its refer- 
ence sign. Integrated amounts 201 c\ 202c' and 
203c' of phase encoding applied to the respective 75 
spin echo signals are set to vary successively from 
negative to positive through zero (as at reference 
"c"). Consequently, the data acquired from the 
spin echo signals SE1-SE3 are arranged in the 
middle region II of the K space in the order reverse 20 
to the order of their generation. Integrated amounts 
201a'-203a\ 201b'-203b\ 201 d'-203d' and 201 e'- 
203e' of phase encoding applied to the respective 
gradient echo signals are set to vary in the op- 
posite direction to the variation of the integrated 25 
phase encode amounts given to the spin echo 
signals (as at references "a", "b", "d" and "e"). 
Consequently, the data acquired from the gradient 
echo signals GE1-GE12 are arranged the K space 
in the order of generation. The integrated phase 30 
encode amounts thereof have greater absolute val- 
ues than those of the spin echo signals. The data 
acquired from the gradient echo signals GE1-GE12 
are therefore arranged in the K space peripherally 
of those acquired from the spin echo signals. 35 

The phase encoding effected for the respective 
echo signals as above results in the data arrange- 
ment as shown in Fig. 5A. Specifically, the group of 
spin echo signals SSE is arranged in the middle, 
low frequency region II of the K space, in the order 40 
of S13(SE3), S8(SE2) and S3(SE1) [downward in 
the K space] which is reverse to the order of signal 
generation. As for the gradient echo signals, those 
having the same place in the order of generation 
during the respective periods between the 180° 45 
pulses 101-103 are banded together into gradient 
echo signal groups (SGE1, SGE2, SGE3 and 
SGE4) and arranged in the order of generation 
within each group. The gradient echo signal groups 
SGE1 and SGE2 are arranged in the peripheral, 50 
high frequency region I of the K space, and the 
gradient echo signal groups SGE3 and SGE4 in the 
peripheral, high frequency region III. 

Fig. 5C shows signal strengths of the data 
acquired from the echo signals and arranged in the 55 
K space as described above. The strengths of echo 
signals S1-S15 diminish with time constants T2 
and T2* as noted hereinbefore. In each of the 



gradient echo signal groups SGE1-SGE4 in which 
the signals are arranged in the order of g neration, 
therefore, the signal strengths ail tend downward 
(as shown in two-dot-and-dash lines) when Kp-axis 
is seen as a horizontal axis. In the spin echo signal 
group SSE, on the other hand, the signal strengths 
show an upward tendency since the spin echo 
signals are arranged in the order reverse to their 
generation. Consequently, a difference AS1 in sig- 
nal strength at the boundaries between the spin 
echo signal group SSE and gradient echo signal 
groups SGE2 and SGE3 adjacent thereto is smaller 
than a difference AS in signal strength at the 
boundaries between the gradient echo signal 
groups SGE1 and SGE2 and between the gradient 
echo signal groups SGE3 and SGE4. Since the 
signal strength varies smoothly adjacent the middle 
region which exerts a substantial influence on an 
image reconstructed by a two-dimensional Fourier 
transform of the K space, the reconstructed image 
has excellent quality with suppression of image 
blurring artifacts. 

In the above embodiment, an image is re- 
constructed by using the data acquired from 15 
echo signals. The described sequence may be 
repeated to reconstruct an image based on data 
acquired from echo signals the number of which is 
a multiple of 15. in this case, data may be col- 
lected and arranged in the K space in an amount 
corresponding to the number of lines which is the 
multiple of 15. This is achieved by varying the first 
phase-encoding gradient field pulse in each pulse 
period to vary the phase encode amount little by 
little for each pulse sequence. 

Second Embodiment 

This embodiment employs a varied method of 
applying the pulses of phase-encoding gradient 
fields Gp in the putse sequence in the foregoing 
embodiment. Thus, only the pertinent portion will 
particularly be described hereinafter. 

Reference is made to Figs. 7A through 7E. Gp 
pulse 301a applied after the first 180° pulse 101 
and before the echo signal S1 has positive polarity 
and the greatest amplitude. Consequently, as 
shown in Fig. 8A, the data acquired from the gra- 
dient echo signal S1(GE1) is placed in the upper- 
most (positive side) position in the vertical direction 
(phase-encoding direction) in the K space. Gp 
pulse 301b applied before generation of the next 
echo signal S2 has negative polarity but has an 
amplitude to provide a positive integrated amount 
in combination with the Gp pulse 301a already 
applied. Consequently, th data acquir d from the 
gradient echo signal S2(GE2) is placed in a posi- 
tion in the K space downwardly remote from the 
gradient echo signal S1(GE1). Gp pulse 301c ap- 
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plied before generation of the next echo signal S3 
has negative polarity and a small amplitude which 
provides a slightly positive integrated amount in 
combination with the phase-encoding amounts al- 
ready applied. Consequently, the data acquired 5 
from the spin echo signal S3(SE1) is placed in a 
negative position in the K space immediately below 
the data of gradient echo signal S2(GE2). Gp pulse 
301 d applied before generation of the next echo 
signal S4 has the same amplitude as the Gp pulse io 
301b applied to the gradient echo signal S2(GE2). 
Consequently, the data acquired from the gradient 
echo signal S4(GE3) is placed in the K space 
downwardly remote from the data of spin echo 
signal S3(SE1). Gp pulse 301 e applied before gen- is 
eration of the next echo signal S5 has negative 
polarity and the same amplitude as the Gp pulse 
301c applied to the spin echo signal S3(SE1). 
Consequently, the data acquired from the gradient 
echo signal S5(GE4) is placed in the K space 20 
immediately below the gradient echo signal S4 
(GE3). Then, a rewind pulse 301 f is applied before 
the next 180° pulse 102. 

Gp pulse 302a applied after the second 180° 
pulse 102 and before the echo signal S6 has 25 
positive polarity and a slightly smaller amplitude 
than Gp pulse 301a applied to the gradient echo 
signal S1(GE1). Consequently, the data acquired 
from the gradient echo signal S6(GE5) is placed in 
a position in K space immediately below the gra- 30 
dient echo signal S1(GE1). Gp pulse 302b applied 
before generation of the next echo signal S7 has 
negative polarity and an amplitude providing a 
positive integrated amount in combination with Gp 
pulse 302a already applied. Consequently, the gra- 35 
dient echo signal S7(GE6) is placed in a position in 
the K space downwardly remote from the gradient 
echo signal S6(GE5). Similarly, the gradient echo 
signals S8-S10 have, applied thereto, Gp pulses 
302c, 302d and 302e which have the same am- aq 
plitude as Gp pulse 302b applied to the gradient 
echo signal S7(GE6). The resulting data are ar- 
ranged in the K space to have the same spacing as 
the gradient echo signals S6(GE5) and S7(GE6), 
respectively. Then, a rewind pulse 302f is applied 45 
as before. 

Gp pulse 303a is applied after the third 180* 
pulse 103 and before the echo signal S11, which 
has positive polarity and a slightly smaller am- 
plitude than Gp pulse 302a applied to the gradient 50 
echo signal S6(GE5). Consequently, the data ac- 
quired from the gradient echo signal S11(GE9) is 
placed in a position in K space immediately below 
the gradient echo signal S6(GE5). Gp pulse 303b 
applied before gen ration of the next echo signal 55 
S12 has the same amplitud as Gp pulse 301c 
already appli d to the spin cho signal S3(SE1)). 
The data acquir d from the gradi nt echo signal 



S12(GE10) is placed in a position in the K space 
downwardly spaced from the gradient echo signal 
S11(GE9) by an amount corresponding to the 
spacing between the gradi nt cho signals S12- 
(GE10) and spin echo signal S3(SE1). That is to 
say immediately below the gradient echo signal 
S11(GE9). Gp pulse 303c applied before genera- 
tion of the next echo signal S13 has negative 
polarity and the same amplitude as the Gp pulse 
301b already applied. Consequently, the data ac- 
quired from the spin echo signal S13(SE3) is 
placed in a position in the K space downwardly 
spaced from the gradient echo signal S12(GE10) 
by an amount corresponding to the spacing be- 
tween the gradient echo signals S1(SE2) and S2- 
(GE2). Gp pulse 303d applied before generation of 
the next echo signal S14 has negative polarity and 
the same amplitude as the Gp pulse 303b already 
applied. Consequently, the data acquired from the 
gradient echo signal S14(GE11) is placed in a 
position in the K space immediately below the spin 
echo signal S13(SE3). Gp pulse 303e applied be- 
fore generation of the next echo signal S15 has the 
same amplitude as the Gp pulse 303c already 
applied. Consequently, the data acquired from the 
gradient echo signal S15(GE12) is placed in the 
lowermost position in the K space which is down- 
wardly spaced from the gradient echo signal S14- 
(GE11) by an amount corresponding to the spacing 
between the gradient echo signal S12(GE10) and 
spin echo signal S13(SE3). That is to say imme- 
diately below the gradient echo signal S10(GE8). 
Then, a rewind pulse 303f is applied as before. 

Fig. 9 schematically shows the integrated 
phase encode amounts provided as above. In this 
figure, the integrated amount for each Gp pulse is 
shown with an apostrophe (') attached to its refer- 
ence sign. Integrated amounts 301c\ 302c' and 
303c' of phase encoding applied to the respective 
spin echo signals are set to vary successively from 
positive to negative through zero (as at reference 
"c"). Consequently, the data acquired from the 
spin echo signals SE1-SE3 are arranged in the 
order of generation in the middle region II of the K 
space. Integrated amounts 301a'-303a\ 301b'- 
303b\ 301d'-303d' and 301e'-303e' of phase en- 
coding applied to the respective gradient echo sig- 
nals are set to vary in directions alternately re- 
versed from the direction of variation of the in- 
tegrated phase encode amounts applied to the spin 
echo signals (references "b" and "d" in the op- 
posite direction; references "a" and tt e w in the 
same direction). The above, reversal takes place as 
the period of time from th points at which th spin 

cho signals are generated prolongs from the shor- 
test period for th gradient echo signal groups 
(SGE2 and SGE3). Consequ ntly, the data ac- 
quired from the gradient echo signal groups SGE2 
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and SGE3 are arranged in the K space in the order 
reverse to the order of generation. The data ac- 
quir d from the gradient echo signal groups SGE1 
and SGE4 are arrang d in the K space in the order 
of generation. The integrated phase encode 5 
amounts of the gradient echo signals have greater 
absolute values than those of the spin echo signals. 
The data acquired from the gradient echo signal 
groups SGE1-SGE4 are therefore arranged in the K 
space peripherally of those acquired from the spin io 
echo signals. 

The phase encoding effected for the respective 
echo signals as above results in the data arrange- 
ment as shown in Fig. 8A. Specifically, the group of 
spin echo signals SSE is arranged in the middle, 75 
low frequency region II of the K space, in the order 
of S3(SE1), S8(SE2) and S13(SE3) [downward in 
the K space] which is the order of signal genera- 
tion. As for the gradient echo signals, those having 
the same place in the order of generation during 20 
the respective periods between the 180* pulses 
101-103 are banded together into gradient echo 
signal groups (SGE1, SGE2, SGE3 and SGE4). 
The signals in the gradient echo signal groups 
SGE1 and SGE4 are arranged in the order of 25 
generation within each group. The signals in the 
gradient echo signal groups SGE2 and SGE3 are 
arranged in the order reverse to the order of gen- 
eration within each group. The gradient echo signal 
groups SGE1 and SGE2 are arranged in the pe- 30 
ripheral, high frequency region I of the K space, 
and the gradient echo signal groups SGE3 and 
SGE4 in the peripheral, high frequency region III. 

Fig. 8C shows signal strengths of the data 
acquired from the echo signals and arranged in the 35 
K space as described above. The strengths of echo 
signals S1-S15 diminish with time constants T2 
and T2* as noted hereinbefore. In each of the spin 
echo signal group SSE and gradient echo signal 
groups SGE1 and SGE4 in which the signals are 40 
arranged in the order of generation, therefore, the 
signal strengths tend downward (as shown in two- 
dot-and-dash lines) when Kp-axis is seen as a 
horizontal axis. In the gradient echo signal groups 
SGE2 and SGE3, on the other hand, the signal 45 
strengths show an upward tendency since the gra- 
dient echo signals are arranged in the order re- 
verse to their generation. Consequently, the dif- 
ference AS1 in signal strength occurs at the 
boundaries between the spin echo signal group 50 
SSE and gradient echo signal groups SGE2 and 
SGE3 adjacent thereto, and at the boundaries be- 
tween the gradient echo signal groups SGE2, 
SGE3 and the peripheral gradient echo signal 
groups SGE1, SGE4. That is, a diminished dif- 55 
ference in signal strength is secured for all of the 
boundaries between adjacent echo signal groups. 
As a result, an image reconstructed by a two- 



dimensional Fourier transform of the K space has 
excellent quality with suppression of image blurring 
artifacts. In the pr c ding, first embodiment, the 
difference in signal strength is diminished only for 
the boundaries between the echo signal groups 
adjacent the middle of the K space. In the second 
embodiment, the difference in signal strength is 
diminished for all of the boundaries between the 
echo signal groups, to promote still further the 
effect of suppressing the image blurring artifacts, 
thereby assuring a reconstructed image of excel- 
lent quality. 

In the first embodiment (and second embodi- 
ment), the pulses 201a (301a), 202a (302a) and 
203a (303a) for the phase-encoding gradient fields 
Gp have positive polarity and successively dimin- 
ishing amplitude. Alternatively, these pulses may 
have negative polarity and successively diminish- 
ing amplitude, with all the other Gp pulses having a 
polarity opposite thereto. This will result in a data 
arrangement in the K space vertically reversed 
from what is shown in Fig. 5A (or Fig. 8A). 

In the first and second embodiments described 
above, one 90* pulse (excitation RF pulse) is fol- 
lowed by three 180* pulses (refocus RF pulses), 
and the polarity of the gradient field pulses is 
switched four times during each period between 
the 180* pulses, to generate a total of 15 echo 
signals. An additional 180° pulse or pulses may be 
applied after the above 180* pulses to obtain 20 or 
25 echo signals. 

While, in the first and second embodiments, 
the polarity of the gradient field pulses is switched 
four times during each period between the 180" 
pulses, this may be increased to six or eight times. 
Then, seven or nine echo signals are obtained 
during each period between the 180° pulses (with 
only the middle echo signal acting as a spin echo 
signal, and the others as gradient echo signals). 

The present invention may be embodied in 
other specific forms without departing from the 
spirit or essential attributes thereof and, accord- 
ingly, reference should be made to the appended 
claims, rather than to the foregoing specification, as 
indicating the scope of the invention. 

Claims 

1. An MR imaging apparatus using NMR phe- 
nomenon, comprising: 

a main magnet for generating a uniform 
static magnetic field in an imaging space; 

a first, a second and a third gradient field 
coils for generating three types of gradient 
field pulses (i.e. slice-selecting gradient field 
pulses, reading gradient field pulses and 
phase-encoding gradient field pulses) with 
magnetic strengths varying in three orthogonal 
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directions in said imaging space; 

a RF coil for emitting an excitation RF 
pulse and a plurality of refocus RF pulses and 
detecting echo signals; 

RF emitting means for successively emit- 5 
ting said excitation RF pulse and said refocus 
RF pulses with predetermined timing through 
said RF coil; 

slice-selecting gradient field pulse generat- 
ing means for generating said slice-selecting io 
gradient field pulses through said first gradient 
field coil for selecting slice planes, in timed 
relationship with said excitation RF pulse and 
said refocus RF pulses; 

reading gradient field pulse generating 75 
means for generating, during each of periods 
between said refocus RF pulses, a plurality of 
gradient echo signals distributed across one of 
spin echo signals by switching polarity a plu- 
rality of times, and for generating said reading 20 
gradient field pulses through said second gra- 
dient field coil in timed relationship with said 
spin echo signals and said gradient echo sig- 
nals; 

phase-encoding gradient field pulse gen- 25 
erating means for generating said phase-en- 
coding gradient field pulses through said third 
gradient field coil immediately before genera- 
tion of said echo signals, said phase-encoding 
gradient field pulses satisfying the following 30 
conditions: 

(a) that said phase-encoding gradient field 
pulses have varied strengths to vary in- 
tegrated phase encode amounts of said 
echo signals from a positive (or negative) 35 
value through zero to a negative (or posi- 
tive) value according to an order of genera- 
tion of said spin echo signals; and 

(b) that said phase-encoding gradient field 
pulses have varied strengths to vary in- 40 
tegrated phase encode amounts of each 
group of those of said gradient echo signals 
having the same place in an order of gen- 
eration thereof within said periods, in a di- 
rection reverse to a direction in which in- 45 
tegrated phase encode amounts of said 

spin echo signals vary, and to give said 
integrated phase encode amounts of each 
group of said gradient echo signals greater 
absolute values than said integrated phase 50 
encode amounts of said spin echo signals; 
and 

data processing means for collecting data 
from said echo signals detected by said RF 
coil, and reconstructing a sectional image by 55 
arranging said data in a K space according to 
an integrated phase encode amount of each of 
said echo signal. 



2. An apparatus as defined in claim 1, wh rein 
said RF emitting means is operable to control 
emission, timing of an "n"th refocus RF puis 
("n" being a positive integer) to establish; 

{2(n-1) + 1}r 

where emission of said excitation RF pulse 
is regarded as time origin, and t is a point of 
time at which a first one of said refocus RF 
pulses is emitted. 

3. An apparatus as defined in claim 1, wherein 
said phase-encoding gradient field pulse gen- 
erating means is operable to generate a rewin- 
ding pulse of reversed polarity and having a 
strength corresponding to a preceding inte- 
grated phase encode amount, after a final one 
of said echo signals is generated within said 
each period. 

4. An MR imaging apparatus using NMR phe- 
nomenon, comprising: 

a main magnet for generating a uniform 
static magnetic field in an imaging space; 

a first, a second and a third gradient field 
coils for generating three types of gradient 
field pulses (i.e. slice-selecting gradient field 
pulses, reading gradient field pulses and 
phase-encoding gradient field pulses) with 
magnetic strengths varying in three orthogonal 
directions in said imaging space; 

a RF coil for emitting an excitation RF 
pulse and a plurality of refocus RF pulses and 
detecting echo signals; 

RF emitting means for successively emit- 
ting said excitation RF pulse and said refocus 
RF pulses with predetermined timing through 
said RF coil; 

slice-selecting gradient field pulse generat- 
ing means for generating said slice-selecting 
gradient field pulses through said first gradient 
field coil for selecting slice planes, in timed 
relationship with said excitation RF pulse and 
said refocus RF pulses: 

reading gradient field pulse generating 
means for generating, during each of periods 
between said refocus RF pulses, a plurality of 
gradient echo signals distributed across one of 
spin echo signals by switching polarity a plu- 
rality of times, and for generating said reading 
gradient field pulses through said second gra- 
dient field coil in timed relationship with said 
spin cho signals and said gradient echo sig- 
nals; 

phase-encoding gradient field pulse gen- 
erating means for generating said phase-en- 
coding gradi nt field pulses through said third 
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gradient field coil immediat ly before genera- 
tion of said echo signals, said phase-encoding 
gradient field pulses satisfying th following 
conditions: 

(a) that said phase-encoding gradient field 5 
pulses have varied strengths to vary in- 
tegrated phase encode amounts of said 
echo signals from a positive (or negative) 
value through zero to a negative (or posi- 
tive) value according to an order of genera- w 
tion of said spin echo signals; and 

(b) that said phase-encoding gradient field 
pulses have varied strengths to vary in- 
tegrated phase encode amounts of each 
group of those of said gradient echo signals 75 
having the same place in an order of gen- 
eration thereof within said periods, such that 
integrated phase encode amounts of said 
gradient echo signals vary in directions al- 
ternately reversed from a direction in which 20 
integrated phase encode amounts of said 

spin echo signals vary, as a period of time 
from the points at which said spin echo 
signals are generated prolongs from a 
group of said gradient echo signals having 25 
the shortest period, with absolute values 
becoming greater than those of said group 
of said gradient echo signals having the 
shortest period; and 
data processing means for collecting data 30 
from said echo signals detected by said RF 
coil, and reconstructing a sectional image by 
arranging said data in a K space according to 
an integrated phase encode amount of each of 
said echo signal. 35 

5. An apparatus as defined in claim 4, wherein 
said RF emitting means is operable to control 
emission timing of an "n"th refocus RF pulse 
("n" being a positive integer) to establish; aq 



{2(n-1) + 1}r 

where emission of said excitation RF pulse 
is regarded as time origin, and 7 is a point of 45 
time at which a first one of said refocus RF 
pulses is emitted. 



6. An apparatus as defined in claim 4, wherein 

said phase-encoding gradient field pulse gen- 50 
erating means is operable to generate a rewin- 
ding pulse of reversed polarity and having a 
strength corresponding to a prec ding inte- 
grated phase encode amount, after a final one 
of said echo signals is g nerated within said 55 
ach period. 
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